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Abstract

AW-Energy’s WaveRoller is an oscillating
wave surge converter that converts ocean
waves to electricity by a flap that moves and
absorbs the energy.

The device has successfully operated in the
fully exposed ocean environment during
testing campaigns. Its performance received
an independent performance verification,
being, to our knowledge, the first wave
energy technology that received such a
verification.

This paper show cases examples of the
capture power from ocean testing and
numerical modelling. The survivability
studies based on tank testing and simulation
will also be discussed.
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1. INTRODUCTION

WaveRoller is one of the most advanced
technologies to convert ocean energy to
electricity. The device is an oscillating wave
surge converter that converts ocean waves to
electricity by a flap that moves and absorbs the
energy, see Figure 1.

The back-and-forth movement of the flap is
converted to rotation of a generator thanks to a
hydraulic system. The electricity output of the
generator is then transferred to the shore by a
subsea cable. WaveRoller operates in near-shore
regions at depths of between 8 and 20 meters,
approximately 0.3-2 km from the shore. It is
anchored to the seabed, and depending on tidal
conditions it is mostly or fully submerged.

A series of WaveRoller devices can be deployed
into an array to create a wave farm. Since
WaveRoller is constructed as modular individual
units, there is no natural upper limit to the number
of devices that can be used in an array, therefore
offering a high level of scalability and reliability.

Figure 1: lllustrative view of WaveRoller farm
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2. TECHNICAL DESIGN oOF WAVEROLLER

The WaveRoller wave energy converter (WEC) is
a bottom-mounted, near-shore device that
comprises a single wave activated body, a flap,
attached via a pivot to a basement structure and
foundation template on the seabed. The WEC
converts incoming wave power to electrical power
by utilizing the pitch motion of the flap. It
therefore belongs to a class of devices sometimes
referred to as ‘oscillating wave surge converters’.

The system responsible for the conversion of the
kinetic energy to electricity, the Power Take-Off
(PTO), consists of a hydraulic circuit where piston
pumps have interface with the flap via a power
train. The pistons pump the hydraulic fluids inside
a closed hydraulic circuit. All the elements of the
hydraulic circuit are enclosed inside a hermetic
structure and are not exposed to the marine
environment. The high-pressure fluids are fed into
hydraulic motor that drives an electricity
generator. The electrical output from the generator
is then fed to the electric grid via a subsea cable.

3. POWER PRODUCTION

WaveDyn simulation tool has been used to
generate estimates of the power production of
WaveRoller at the installation location in Peniche,
Portugal [1]. The key inputs included:

1 WAMIT data (5 different tide levels)
9 seastate data — output from SWAN model
1 optimized PTO control algorithm
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WaveRoller capture power was studied for 3 water
depths corresponding to different installation
depths/tide levels and 4 mean wave directions. A
normalized numerical absorbed power matrix is
shown in Figure 2 for a selected water depth and
mean wave direction.

The absorbed power increases as a function of Hg,
but it is roughly constant as a function of T,. The
behaviour is similar for all the studied water
depths and mean wave directions.

Relative WaveRoller performance was evaluated
by calculating the capture width from the
simulations. Capture width is defined to be the
ratio of the total mean power absorbed by the
WEC to the mean power per unit crest wave width
of the incident wave front.

WaveRoller capture width decreases both with
increasing Hs and with increasing T., see Figure
3. It is due to the fact that the flap spends greater
fraction of the cycle submerged and with higher
pitch angle, thus being exposed to lower velocity
water particles when submerged deeper. At the
same time, when the pitch angle is high, top
section of the water column flows above the edge
of the flap.

The accuracy of WaveDyn to predict WaveRoller
performance was validated with ocean testing
data. In the validation the WaveDyn modelled
mean absorbed power was compared against mean
absorbed power. The difference is within £20%
for the majority of the records, with the mean error
of less than 2.5%. A total of 91 sea states were
used for the study. These sea states had H between
0.5mand 4.5 m, and T between5.5s and 12 s.

0.233  0.225
0.463  0.454

0.197
0.408
0.659

0191
0.399
0.631

Figure 2: Normalized numerical absorbed power matrix for a selected water depth.
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Figure 3: Capture width as a function of energy period. Colour of lines indicates significant wave height of sea state.

WaveRoller obtained external performance
verification of the captured power in the ocean
testing campaigns in 2012 and 2013 in Peniche,
Portugal. To our knowledge, WaveRoller was the
first wave energy technology that received such an
independent 3" party verification.

For the verification, detailed data of wave
conditions and WaveRoller  performance
corresponding to a representative two week

WaveRoller capture power
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Significant wave height

Capture power

operation period were used. DNV GL calculated
the mean power values as well as mechanically
absorbed power, mean PTO electrical power
output, power values at the hydraulic motor and
sea state parameters. Figure 4 shows the validated
WaveRoller capture power and significant wave
height during the selected two week operation
period.

Significant wave height (m)

Continuous reprentative two week period

Figure 4: WaveRoller validated capture power and significant wave height for the selected two week period.
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Figure 5: Efficiencies of various stages of power conversion

against the captured power.

The DNV GL study results were all very well in
line with AW-Energy’s own calculations: the
average difference of the mean power being 0.4%.
The small difference is likely to be due to a
difference in the bin selected for the 20-minute
averaging.

The conversion efficiency at various stages of the
power conversion train was studied as well.
Following efficiencies were calculated from four
measurements of power in various stages of the
power train:

1 Efficiency of hydraulic transmission from
piston to motor: Nuyd

i Efficiency of conversion from input to
motor to output of generator: MNmotgen

1 Efficiency of frequency converter: ngc

1 Overall PTO efficiency: npro

These efficiencies are shown in Figure 5. The
main reason for the decrease in the nnyq efficiency
is the over-pressure valve, which is activated in
higher sea states to prevent damage to the
hydraulic circuit.

4. SURVIVABILITY

The key underlying survivability strategy for
WaveRoller is inherent to the device type, which
is bottom-mounted, near-shore, oscillating wave
surge converter. With this design the device is by
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Figure 6: Sequence of images showing the behaviour of
WaveRoller in extreme conditions.

default releasing excess energy that is carried by
higher and/or longer waves. This is best illustrated
with the sequence of images presented in Figure
6.

In very energetic sea states, as in the example
above, WaveRoller flap spends greater fraction of
the cycle submerged and with higher pitch angle,
thus being exposed to lower velocity water
particles when submerged deeper. At the same
time, when the pitch angle is high, the top section
of the water column flows above the edge of the
flap (see images 5 through 7 in Figure 6).

In high sea states WaveRoller typically does not
need to switch to safety mode and it should be able
to continue generating electricity. The key
limiting factor is the cooling capacity for the PTO.
Only if this is reaching the limits, WaveRoller
would need to stop generating electricity. The fact
of having the PTO active or not doesn’t seem to
have any significant impact on the overall load
profile in very high sea states.
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Figure 7: Velocity vectors superimposed on a velocity contour map showing motion in the water column during a wave

passage.

4.1 CFD Simulation

A separate CFD study focusing on extreme and
breaking waves was conducted. Its purpose was to
predict the pressures encountered by the flap
geometry in its intended working environment and
if the flap pierces the surface. To that end, the
performance of the full-scale flap geometry was
simulated and subsequently evaluated in near-
shore conditions where oncoming waves are
breaking just as they are reaching the flap model.
Three waves, each with a height of 5m from crest
to trough, were tested with periods of 10, 14 and
18 seconds. The predicted behaviour of the flap
geometry and the loads acting upon it are
summarized here.

4.2 Tank testing

An extreme conditions tank testing campaign was
conducted in Madrid CEDEX facility in summer
2013. The key parameters in the tests were:

Regular waves (H=1...5m, T=5...13s)
Irregular waves (H=4...7m, T,=6...19s)
Wave direction 0°,20°

4 Tide levels (10.5m-16.5m)

2 Spectrums (JONSWAP & 2 peak ochi)

=A =4 -4 -8 A

Key objectives of the tank testing campaign were
to investigate the pressure distribution on the flap
and increase understanding of load profiles on the
structure in extreme conditions. The extreme
conditions were focusing on either breaking/freak
waves or directional waves.

Figure 8: Breaking waves testing ongoing at CEDEX
tank in Madrid. Note that these are head-on breaking
waves, et interestingly part of the wave appears to be
breaking slightly ahead of the rest, thus introducing
directional loads even in head-on case.



O\ 1C0F

OM OCEAN ENERGY
0s 1.25s

6.25s

Pressure difference

1.25 2.5 3.75

o

5th International Conference on Ocean Energy, 4-6 November 2014, Halifax, Canada

2.5s

sensor 1 r15
sensor 2
pitch

I
o
Pitch®

6.25 7.5 8.75 10

Figure 9: Pressure distribution for a directional wave. Heat maps in the top section present the pressure distribution for
the selected timestamps. Chart below presents the time series of pressure distribution for two selected sensors.

A scaled model of a flap was equipped with 25
pressure sensors in different sections. Figure 8
presents a photograph of the actual wave tank
during the head-on breaking waves test.

Figure 9 shows the readings of pressure sensors
for a strongly directional (20° angle) wave. Please,
note especially the behaviour in time step 3.75s.
During this time the difference in pressure
distribution between the studied sections is most
prominent. Clearly, twisting of the flap is taking
place in this test.

The phenomenon studied in tank testing with the
pressure distribution analysis seems to confirm
that twisting of the flap is important and
significant. Similarly, tank testing results lead us
to the conclusion that directional waves causing
twisting loads on the flap should be included in the
design load cases for the new designs.

The tank testing also focused on increasing the
understanding of load profiles on the structure in
extreme conditions. The model device was
equipped with a system of sensors including tilt
sensor and a load cells. The loads were measured
at the base of the structure, thus they reflect the
total load on WaveRoller. The extreme conditions

resembled the storm conditions- 9-19 s peak
period (Tp) and Hs of 5-7m, maximum for the
project site depth.

Figure 10 presents a comparison of mean top ten
peak loads recorded during the whole study for
head-on waves (0° degrees) and directional waves
(20° degrees). Loads with plus (+) sign indicate
load towards the shore and minus (-) away from
the shore. Note that although the figures are
presented in percentages, the height of each of the
bar is proportional to the load measured in
absolute terms.

Results for surge load present no surprises. Loads
towards the shore are larger than loads away from
the shore. Also, loads for directional waves are
smaller than for head-on waves. This is primarily
due to smaller projection area of the flap for waves
that are arriving to the flap at steeper angles.

Heave loads provide more mixed results where the
heave generates smaller loads for directional
waves during the flap’s movement towards the
shore, as opposed to larger loads when compared
with movement away from the shore.
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Figure 10: Comparison of head-on and directional waves induced loads on WaveRoller structure. Loads with plus (+) sign
indicate load towards the shore and minus (-) away from the shore. Note that although the figures are presented in percentages,

the height of each of the bar is proportional to the load measured in absolute terms.

Sway loads change most in percentage terms when
directional waves are compared with head-on
waves. In absolute terms sway loads for
directional waves are approximately of the same
magnitude as heave loads. Interestingly, in theory
head-on waves should not result in sway loads.
However, waves in practice are never perfectly
head-on, thus directional loads will be present
even in this kind of situation.

5. CONCLUSIONS AND FUTURE ACTIVITIES

WaveRoller has successfully operated in the fully
exposed ocean testing campaigns in Peniche,
Portugal. Its predicted capture power has been
validated with the measurements from ocean
testing and the device has feed in electricity to the
Portuguese grid. The efficiency of the WaveRoller
PTO was determined as well.

The survivability of WaveRoller has been studied
with numerical modelling and tank testing. It was
identified that waves approaching in an angle
create a load that needs to be taken into account in
the design load cases.

In the summer 2014 a new ocean testing campaign
was started with an improved WaveRoller design.
The device is instrumented with strain gauges and
tilt sensors to determine the loads and to validate
numerical models on predicting loads. Naturally,
the capture power is measured as well, electricity
feed in to the grid and more operation experienced
gained.

The global theoretical nearshore potential of
WaveRoller is 500+ GW. New projects are being
planned on the coasts of Portugal, France, Ireland
and Chile with farms of WaveRollers.
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